Obesity is occurring in epidemic proportions on a global scale. Excess adipose tissue is associated with insulin resistance and type 2 diabetes in rodents as well as humans. In addition to its metabolic properties, adipose tissue has received attention recently for its endocrine properties. Leptin, tumor necrosis factor alpha (TNF-␣), interleukin 6 (IL-6), adiponectin (also known as Acrp30 and adipoQ), and resistin are all adipose tissue-secreted molecules that have been implicated in glucose homeostasis and insulin sensitivity (36) .
Resistin (also known as FIZZ3 and adipocyte-derived secretory factor) is produced exclusively by adipocytes in rodents (13, 15, 35) . Acute administration of recombinant resistin to rats results in impaired glucose tolerance (35) and hepatic insulin resistance (24) . Conversely, mice lacking resistin have decreased fasted glucose levels, suggestive of a normal physiological role for resistin in glucose homeostasis (3) . Similarly, transgenic mice expressing dominant-negative resistin/ADSF exhibit improved glucose tolerance and insulin sensitivity (16) . Longer-term adenovirus-mediated hyperresistinemia causes insulin resistance in liver, skeletal muscle, and adipose tissue (30) , and resistin has been shown to impair glucose transport in cultured rat L6 myotubes (19) and mouse 3T3-L1 adipocytes (35) .
The insulin signaling cascade has been studied extensively in 3T3-L1 adipocytes (37) . The insulin receptor (IR) is a transmembrane protein whose intrinsic kinase activity is activated upon insulin binding (29) , resulting in autophosphorylation and docking of IR substrate (IRS) proteins such as IRS-1 (29) . Tyrosine phosphorylation of IRS-1 leads to recruitment and activation of phosphatidylinositol-3-kinase (PI3K), which generates intracellular lipids such as phosphatidylinositol triphosphate (PIP 3 ) and PI(3,4 , 5)P 3 , that activate PIP 3 -dependent kinases (PDK) that, in turn, phosphorylate and activate Akt/ protein kinase B, which is necessary for stimulation of glucose transport (6, 14) .
Several cellular mechanisms of insulin resistance have been described. TNF-␣ and fatty acids lead to inhibitory phosphorylation of IRS-1 at Ser 307 via activation of jun amino-terminal kinase (JNK1) (1) and protein kinase C-, (43), respectively. Chronic TNF-␣ exposure has also been demonstrated to lead to IRS-1 degradation (28) . In addition to these mechanisms, suppressor of cytokine signaling (SOCS) proteins have emerged as inhibitors of insulin signaling (17) . The SOCS family of proteins consists of eight family members, all of which contain a central SH2 domain and conserved carboxy terminus containing a SOCS box (18) . SOCS expression is tightly regulated at the transcriptional level and is induced by multiple cytokines in different tissues in a cytokine-and tissuedependent manner (18) .
Here we have investigated the effects of resistin on the insulin signaling cascade in 3T3-L1 adipocytes. In a dose-dependent manner, preincubation with resistin impairs insulin action at multiple steps in the signaling cascade. Remarkably, resistin markedly induced SOCS-3 expression, without altering IRS-1 levels or serine phosphorylation. Moreover, loss of SOCS function impairs resistin action in adipocytes. This is the first known insulin-independent action of resistin on 3T3-L1 adipocytes and is a likely mediator of resistin's inhibitory action on insulin signaling.
MATERIALS AND METHODS
Antibodies. Rabbit polyclonal antibody to IR␤ subunit was purchased from Transduction Laboratories (Lexington, Ky.). The rabbit polyclonal anti-IRS-1 and mouse monoclonal antiphosphotyrosine (4G10) antibodies were obtained from Upstate Biotechnology (Lake Placid, N.Y.). Phospho-Akt and Akt antibodies were purchased from Cell Signaling (Beverly, Mass.). IRS-1 phosphospecific antibodies were kindly provided by Roberto Polakiewicz from Cell Signaling. The rabbit polyclonal antibody for SOCS-3 (M-20) was purchased from Santa Cruz Biotechnology.
Preparation of recombinant resistin. Recombinant resistin was purified as previously described with the following modifications (35) . Conditioned medium was collected from HEK-293 cells that stably express either resistin or empty vector (pIRESneo; Clontech, Palo Alto, Calif.) and subjected to immunopurification with Flag antibody-agarose (Sigma, St. Louis, Mo.) and eluted with Flag peptide in phosphate-buffered saline (PBS). Purification to homogeneity was confirmed by silver stain and Western blot analysis. Endotoxin levels were measured with the Limulus amoebocyte lysate assay and determined to be less than 0.008 endotoxin unit per ml. Protein concentration was determined with a mouse resistin radioimmunoassay (Linco, St. Louis, Mo.). The vehicle or control used for all experiments was mock-purified conditioned medium added in equal volumes as purified recombinant resistin.
Adenovirus preparation and use. Adenovirus expressing the green fluorescent protein-Grp1 pleckstrin homology (GFP-Grp1-PH) fusion protein has been previously described (41) . Adenovirus expressing the dominant-negative SOCSF59D protein (12, 38) and enhanced GFP (EGFP; control) were prepared by standard methods. All adenoviruses were amplified by the Viral Vector Core of the Penn Diabetes Center.
Cell culture. 3T3-L1 cells were maintained and differentiated as previously described (35) . Fully differentiated 3T3-L1 adipocytes (day 10) were serum starved overnight in Dulbecco's modified Eagle's medium containing 0.2% fatty acid-free bovine serum albumin prior to resistin and/or insulin treatment in all experiments. 3T3-L1 adipocytes were infected with adenoviruses as described previously (21) .
Immunoblotting and immunoprecipitation. Cells were washed in ice-cold PBS and lysed in buffer (50 mM Tris, 150 mM NaCl, 10 mM EDTA,1% Triton X-100, 10% glycerol, 200 mM NaF, 4 mM Na orthovanadate-containing protease inhibitors, pH 7.5) (34) . IR␤ and IRS-1 were immunoprecipitated from cell lysates (200 g) with 4 g of antibody at 4°C overnight. Protein A-agarose was added to collect the immune complexes, and the antibody conjugates were washed three times with lysis buffer. All immune complexes were solubilized in Laemmli buffer and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoblots of cell lysates and immunoprecipitated proteins were analyzed as described previously (35) . As SOCS-3 is a labile protein, experiments detecting SOCS-3 by Western blotting were performed in the presence of a proteosome inhibitor, MG-132 (10 m). Densitometric analysis of the immunoblots was performed with NIH Image software.
Assessment of in vivo PIP 3 production. One day postinfection with adenovirus expressing the GFP-Grp1-PH fusion protein (41), 3T3-L1 adipocytes were serum starved overnight followed by resistin treatment for 2 h prior to insulin stimulation (10 nM) for 5 min. Confocal laser microscopy was used to perform live cell imaging prior to and following insulin stimulation as previously described (41) . Briefly, images were acquired with an Ultraview LCI Nipkow disk confocal microscope (Perkin-Elmer, Inc., Norwalk, Conn.) at 7.5-s intervals before and after the addition of insulin. Recruitment of GFP-Grp1-PH protein to the plasma membrane was quantitated with line intensity profiles drawn across each cell. These profiles were used to determine average pixel intensities at the plasma membrane and in the cytosol.
Measurement of PI3K Activity. PI3K activity associated with IRS-1 was assayed as described previously (41) . Briefly, IRS-1 immunoprecipitates were washed extensively followed by an incubation with phosphatidylinositol and ␥-ATP. Lipids were extracted with chloroform-methanol (1:1) and resolved by thin-layer chromatography. The amount of PIP 3 generated was then visualized and quantitated on the Storm PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).
RNA isolation and RT-qPCR analysis. For reverse transcription-quantitative PCR (RT-qPCR) analysis, total RNA was isolated with RNeasy kits (QIAGEN, Inc., Valencia, Calif.). cDNA was synthesized from total RNA with the reagents and conditions of the Superscript RT II kit (Gibco BRL) following DNase treatment. This cDNA then served as a template for the real-time (Taqman) qPCR performed using the ABI Prism 7900 sequence detection system (Applied Biosystems, Foster City, Calif.). A housekeeping gene (36B4) was amplified in separate reaction to normalize results to starting amounts of RNA and efficiency of the RT reaction. The following primer and fluorigenic probe sets generated with Primer Express (Applied Biosystems) were used: SOCS-3 (forward primer, 5Ј-GCGGGCACCTTTCTTATCC-3Ј; reverse primer, 5Ј-TCCCCGACTGGGTCT TGAC-3Ј; and probe, 5Ј-6-FAM-CTCGGACCAGCGCCACTTCTTCA-TAMRA) and 36B4 (forward primer, 5Ј-CGGAGGAATCAGATGAGGATATG-3Ј; reverse primer, 5Ј-CAAATTAAGCAGGCTGACTTGGT-3Ј; and probe, 5Ј-6-FAM-CGG TCTCTTCGACTAATCCCGCCAAA-TAMRA). Validation experiments were performed such that both target and the housekeeping genes are amplified with similar efficiencies. For each condition, expression was quantified in triplicate as the number of cycles (C T ) after which fluorescence exceeds the background threshold minus the C T for the housekeeping control (⌬C T ). Relative expression levels were calculated by the formula 2 Ϫ⌬⌬CT , comparing resistin-and vehicle-treated samples. Resistin administration to C57BL/6J mice. Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, Maine) aged 8 to 10 weeks were fasted for 12 h prior to an intraperitoneal (i.p.) administration of either vehicle (mock-purified conditioned medium, 300 l) or resistin (1.5 g in 300 l). Epididymal adipose tissue and serum were harvested at the start of the experiment and at indicated time points following i.p. injection (2, 4, 6, and 8 h). Animal care and procedures were performed in accordance with guidelines and regulations of the Institutional Animal Care and Use Committee of the University of Pennsylvania. Mice were housed (four mice per cage) under 12-h light/dark cycles (lights on at 0600), at an ambient temperature of 23°C, with ad libitum access to food and water prior to experimentation. The chow diet (LabDiet5010) contained 23% protein, 4.5% fat, and 6% fiber.
Statistical analysis. The mean, standard error of the mean (SEM), and significance by Student's t test were calculated with StatView statistical software (SAS, Cary, N.C.).
RESULTS
Resistin induces cellular insulin resistance in 3T3-L1 adipocytes. Previously, we have demonstrated that recombinant resistin decreased insulin stimulation of glucose uptake in 3T3-L1 adipocytes (35) . To understand the mechanism by which resistin inhibits insulin action in this system, we examined the effects of resistin treatment on the proximal steps in insulin signaling. Resistin had no effect upon specific insulin binding to the cells (data not shown) but decreased insulinstimulated tyrosine phosphorylation of the IR by ϳ40% without affecting absolute levels of the IR (Fig. 1a) . Correspondingly, phosphorylation of IRS-1 was attenuated by ϳ40% by resistin treatment (Fig. 1b) . Levels of IRS-1 protein were unaltered by acute resistin treatment (Fig. 1b) . In parallel, IRS-1-associated PI3K was reduced by ϳ50% in resistin-treated adipocytes (Fig. 2a) . The cellular impact of this was assessed by measuring insulin-stimulated membrane accumulation of the Fig. 2b ; see Video S1 in the supplemental material). Consistent with the reduction in IRS-1-associated PI3K activity, resistin significantly attenuated the formation of PIP 3 at the plasma membrane following insulin addition (Fig. 2c) . Furthermore, the downstream activation of Akt by insulin was diminished by ϳ40% by resistin (Fig. 3) . Thus, exposure of cultured adipocytes to exogenous resistin induces a state of cellular insulin resistance at steps in the signaling cascade from IR phosphorylation to Akt activation. Resistin treatment does not lead to serine phosphorylation of IRS-1. Serine phosphorylation of IRS-1 is a prominent mechanism underlying insulin resistance caused by such diverse modulators as free fatty acids (26), hyperosmotic stress (11), TNF-␣ (27), insulin-like growth factor 1 (IGF-1) (27) , and insulin itself (27) . We therefore assessed whether this mechanism underlies the effects of resistin. Insulin treatment led to a mobility shift of IRS-1 protein due to phosphorylation on tyrosine and serine/threonine residues, and specific phosphorylation of serine residues 307 and 629/639 as shown in Fig.  4 and described previously (22, 27) . However, resistin treatment did not induce phosphorylation of IRS-1 on any of these serine residues, as indicated by the lack of mobility shift of IRS-1 or lack of band with the phosphospecific antibodies, nor did it amplify (or inhibit) the effect of insulin on serine phosphorylation of IRS-1 (Fig. 4) .
Preincubation with resistin is required for inhibition of insulin action. In the preceding studies, adipocytes were pretreated with resistin for 2 h. To further characterize resistin- induced insulin resistance, we determined the time course of the inhibitory effect of resistin on insulin stimulation of IRS-1-associated PI3K activity. As noted earlier, resistin decreased IRS-1-associated PI3K activity at 2 h, and the effect was maintained 12 h following resistin exposure (Fig. 5) . However, a 30-min preincubation with resistin was insufficient to inhibit insulin action (Fig. 5) .
Resistin activates SOCS-3 in a time-and dose-dependent manner. The inability of resistin to stimulate serine phosphorylation of IRS-1 and the requirement for preincubation of greater than 30 min led us to consider the SOCS family of proteins, whose transcriptional induction underlies resistance to signaling by cytokines (18) as well as hormones such as leptin (4, 5) and insulin (17, 23) . In particular, SOCS-3 has been shown to inhibit insulin signaling (10) . Remarkably, resistin dramatically induced adipocyte SOCS-3 gene expression (Fig. 6a) . This effect was detectable at 30 to 60 min after resistin treatment, was maximal at 2 h, and was still significant, although waning at 6 h (Fig. 6b) . SOCS-3 was induced by resistin in a dose-dependent manner, with a 50% effective dose (ED 50 ) of approximately 20 ng/ml, which is close to the concentration of resistin in serum in lean mice. Thus, resistin activates SOCS-3 in a time-and dose-dependent manner.
Resistin induces SOCS-3 association with the insulin receptor. SOCS-3 negatively regulates insulin signaling by two distinct mechanisms. One mechanism involves SOCS-3 binding to IRS-1 via its "SOCS box," thereby targeting the protein for degradation by the 26S proteasome (28) . We confirmed that IRS-1 protein levels were markedly reduced following TNF-␣ treatment of 3T3-L1 cells for 8 h (Fig. 7a) . However, treatment with resistin for up to 24 h had no effect on IRS-1 protein levels (Fig. 7a) . SOCS-3 has been also shown to physically interact with the IR via its SH2 domain (10) . Consistent with this, increased SOCS-3 protein was associated with the IR in adipocytes treated with resistin for 2 h (Fig. 7b) . Interaction between IRS-1 and SOCS-3 was not observed under these basal conditions (data not shown). The enhanced association between IR and SOCS-3 was noted after 1 and 2 h of resistin treatment and returned to near baseline by 4 h (Fig. 7c) , a time course that was generally consistent with the induction of SOCS-3 by resistin.
Resistin induces SOCS-3 in adipose tissue in vivo. We next determined whether resistin could activate SOCS-3 in adipose tissue in vivo by administering resistin i.p. to male C57/LB6J mice. The dose of resistin used in this experiment (1.5 g) raises circulating levels by two to three times the normal level (3), comparable to the increase in serum resistin concentration in obese mice (25, 35) . SOCS-3 mRNA in epididymal white adipose tissue was markedly induced following administration of resistin, with maximal activation observed at 4 h (Fig. 8) . This time course was consistent with serum resistin levels that peaked 2 h postinjection, returning to baseline by 8 h (data not shown). Thus, resistin induces SOCS-3 in cultured adipocytes as well as adipose tissue in vivo.
Loss of SOCS function impairs resistin antagonism of insulin action. To address the role of SOCS-3 induction in resistin action, the effects of a mutant SOCS protein (SOCSF59D) that has been previously demonstrated to function as a dominant negative for SOCS-1 and SOCS-3 (12, 38) were studied with adenovirus to express the protein (or EGFP control) in mature 3T3-L1 adipocytes. SOCSF59D had little effect on insulin-induced IR phosphorylation but almost completely prevented resistin from impairing this action of insulin (Fig. 9 ). This result implicates SOCS as a mediator of resistin antagonism of insulin action in adipocytes.
DISCUSSION
We have shown that resistin inhibits multiple steps involved in insulin signaling in 3T3-L1 adipocytes. These results provide a molecular basis for the inhibition of insulin-stimulated glucose transport in these cells. The mechanism by which resistin signals is not established, but we show that resistin induces SOCS-3 in a time-and dose-dependent manner in cultured adipocytes as well as in adipose tissue and that inhibition of SOCS function impairs resistin action. These results suggest that SOCS-3 may be a cellular mediator of the ability of resistin to antagonize insulin action in adipocytes.
Studies of rats treated with exogenous resistin (24) as well as mice lacking resistin (3) have implicated the liver as an important physiological target of resistin. We have observed activation of SOCS-3 in liver after acute administration of resistin, although the magnitude of the effect is less than that in adipose tissue (data not shown). In addition to its effects on the liver, resistin has been demonstrated to inhibit glucose uptake in L6 5 g ) or vehicle was administered i.p. to male C57BL/6J mice following an overnight fast, epididymal adipose tissue was isolated at the indicated time points, and SOCS-3 and 36B4 mRNA was measured by qPCR. SOCS-3 expression was normalized to that of 36B4, and the data shown are the fold activation in resistin-treated mice relative to vehicle-treated mice.
The average values Ϯ SEM of three independent experiments are shown. *, P Ͻ 0.04 compared to time zero.
FIG. 9. Dominant-negative SOCS protein prevents resistin antagonism of insulin signaling in adipocytes. 3T3-L1 adipocytes were infected with adenovirus expressing EGFP or SOCSF59D and then treated with resistin (30 ng/ml) for 2 h prior to insulin stimulation (10 nM) for 2 min, and then phosphorylation of IR and total IR protein levels were determined by immunoblot analysis. (35) . Resistin/ ADSF has also been shown to inhibit adipocyte differentiation (15, 16) . The data presented here provide further support for the hypothesis that adipose tissue is a target of resistin action. The effects of resistin on the insulin signaling pathway occur at the level of the IR, as evidenced by decreased insulindependent phosphorylation of the IR and comparable reductions in downstream signals, including tyrosine phosphorylation of IRS-1, IRS-1-associated PI3K activity, PIP 3 generation, and activation of Akt. The effects of ϳ50% reduction in Akt activation may be context dependent since while Akt2 heterozygote-null mice are not glucose intolerant (7), a 50% reduction in Akt1 dramatically worsens the metabolic defects in Akt2-null mice (6) .
The inhibitory actions of resistin on the insulin signaling pathway are not immediate and require a preincubation of at least 30 min. Consistent with this, we did not observe serine phosphorylation of IRS-1 in response to resistin. Importantly, the transcriptional induction of SOCS-3 corresponds with the time course of resistin action. Although other cytokines induce SOCS-3 via phosphorylation of STAT transcription factors, we did not observe any increase in phosphorylation of STAT1, STAT3, and STAT5 nor phosphorylation of p42/44 mitogen-activated protein kinase (MAPK), JNK, and p38 MAPK in response to resistin (data not shown). Studies are in progress to determine the transcriptional mediator of SOCS-3 activation by resistin.
SOCS-3 has been implicated as a mediator by which insulin negatively regulates its own signaling cascade. In 3T3-L1 cells, insulin induces SOCS-3 mRNA within 30 min, with the peak occurring several hours later (10) . Several complementary mechanisms have been proposed to explain SOCS-3 inhibition of insulin signaling. Overexpressed SOCS-3 has been convincingly shown to target IRS-1 for proteasomal degradation in 293T cells (28) , although in other systems overexpression of SOCS-3 decreased insulin-stimulated IRS-1 phosphorylation without reducing IRS levels (8, 14) . Significantly, SOCS-3 binds to phosphorylated tyrosine 960 of the IR in vitro (10) and in cells (10, 20) , and inhibits IR autophosphorylation (31) . We have found that resistin attenuates IR phosphorylation and increases its association with SOCS-3 and that inhibition of SOCS function prevents resistin from exerting its inhibition of IR autophosphorylation. These data strongly suggest that induction of SOCS-3 is critical for the inhibition of insulin signaling by resistin. The induction of SOCS-3 by resistin is the first molecular and cellular effect of resistin yet described that is independent of the presence of insulin. Thus, although the receptor for resistin is unknown, resistin is likely to signal in a cytokine-like fashion.
SOCS-3 mRNA levels are elevated in white adipose tissue of obese mice (9, 32, 39) as well as rats (40) . Serum resistin levels are increased in obese and diabetic mice (35) and possibly in humans (2, 8, 33, 42, 44) . Isolated resistin deficiency or excess does not significantly alter steady-state SOCS-3 levels in mouse adipose tissue (data not shown), but several other cytokines that circulate at high levels in obesity, including TNF-␣ and IL-6, as well as insulin, all contribute to the net increase in SOCS-3. Our data suggest that resistin is likely to collaborate with insulin as well as these other obesity-induced cytokines that are characteristic of the inflammatory milieu of obesity in elevating tissue SOCS-3 levels and contributing to systemic insulin resistance.
